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ABSTRACT 
 
This paper describes some recent (initial) developments in laboratory scale cake filtration 
technology which may ultimately lead to the production of standard equipment for assessing 
filtration performance.  The principles of mechatronics, which integrates electronics, computers, 
process control and mechanical systems, have been used to provide a state-of-the-art pressure 
filtration apparatus capable of performing repeatable experiments over a range of pressure/flow 
regimes commonly encountered in industrial filtrations.  Data obtained at constant pressure and 
proportionally controlled variable pressure are presented to illustrate the scope of the apparatus 
and the benefits of removing operator interference and damaging pumping operations from 
filtration experiments.  It is shown how scale-up parameters (obtained for aqueous mineral 
suspensions) can be used to successfully predict constant pressure filtration performance and the 
problems which can arise when predictions of more compressible variable pressure filtrations are 
made using data obtained at constant pressure.  
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INTRODUCTION 
 
Of principal interest in this paper is cake filtration, a widely used unit operation which relies on the 
preferential entrapment of particulates on a semi-permeable medium under the action of an 
imposed pressure gradient.  The filter medium which is positioned normal to the bulk flow of 
suspension is relatively thin and provides the separating surface only during the initial stages of 
filtration, after which it acts primarily as support to the growing filter cake.  The flow of liquid 
through the cake induces viscous drag forces on the constituent particles.  If the cake structure is 
able to withstand the cumulative effect of these forces throughout a filtration to give a uniform and 
time-independent cake porosity, then the cake is regarded as incompressible.  Otherwise, particle 
rearrangement occurs to induce a porosity gradient through the cake height.  Such a cake is 
considered to be compressible with the maximum solids concentration occurring at the cake/filter 
medium interface.  
 
By their nature filtrations are transient processes, usually involving compressibility and thus time 
dependent changes in cake properties.  Whilst previous experimental work has undoubtedly 
progressed our understanding of incompressible and compressible cake filtration, it should be 
realised that the majority (through necessity) utilised relatively elementary equipment.  Basic 
filtration data can be derived in laboratories from a single leaf filter operating at either constant 
under- or over- pressure.  Relatively small volume samples of slurry are filtered and data are 
usually manually recorded.  Samples from tests are analysed, and typical filtration and cake 
formation rates as well as values for specific cake resistance and cake porosity are calculated.  
When a skilled operator performs experiments the method can give sufficiently reliable results for 
filter design work [1].  In some cases it is possible to obtain data for sequential operations such as 
those performed during a filter cycle, though performing these experiments manually gives limited 
information and can introduce significant errors unless care is taken.  It is probably fair to say that 
a significant proportion of previous filtration research and data acquisition by commercial 
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organisations has been blighted by experimental difficulties, the skill (or otherwise) with which 
experiments are performed, the lack of standard test methods and to some extent a lack of 
consistent analysis procedures.  The need to manually perform tests and adjust operational 
parameters to maintain chosen experimental conditions are variables which have led to the 
widespread use of heuristics or ‘rules-of-thumb’ by filter manufacturers. 
 
It is also interesting to note that the vast majority of experimental and theoretical filtration research 
has been concerned with the use of a constant pressure gradient [e.g. 2-11].  Whilst this mode of 
filtration is relatively easy to perform in the laboratory it is not always employed in industrial scale 
filtrations.  Here, it is perhaps more normal to transport suspensions into filter chambers using 
either positive displacement or centrifugal pumps and perform filtrations according to the pressure 
and flow characteristics of the pumping device.  A few researchers have suggested that data 
obtained at constant pressure may not correctly predict filtrations over other pressure regimes and 
some have attempted difficult laboratory experiments in order to assess performance at constant 
flow/variable pressure or variable pressure/variable flow [12-17].  Due to experimental constraints 
only limited progress has previously been possible and it is difficult to resolve the inherent 
problems of more conventional apparatus/methods, such as particle breakage and surface 
modification by pumps, with confidence.  
 
With the advent of the microprocessor, the ability to perform reliable tests over ranges of operating 
conditions now exists as does the potential to move away from heuristics towards standard 
filtration apparatus and analysis procedures.  The work presented in this paper considers the 
issues raised and illustrates a novel approach to experimental pressure filtration where potentially 
variable operator interference has been eliminated and replaced by a mechatronics philosophy 
which integrates electronics, computer technology, control philosophies with a cake filtration 
system. 
 
 
EXPERIMENTAL PROCEDURES 
 
The schematic in Figure 1 shows the principal components of a state-of-the-art, laboratory scale 
pressure filtration apparatus capable of automated data acquisition over the range of pressure/flow 
regimes of commercial interest.  The level of hardware and software sophistication can be varied 
according to requirements. 
  
The basic hardware comprised of a stainless steel (s/s) dead-end Nutsche filter (area 5 to 500 
cm2) and a s/s suspension storage vessel connected by s/s piping and computer controlled electro-
pneumatic valving.  The storage vessel incorporated a temperature sensor and stirrer and (if 
desired) the filter cell could be rotated to allow filtration onto upward, downward or sideways facing 
filter surfaces.  A heater/cooler system regulated the temperature of the filter cell and storage 
vessel by continuously passing a fluid through their surrounding jackets to facilitate operation over 
the range -5 to 70ºC.  All data reported in this paper were obtained at a temperature of 25ºC with a 
downward facing filter having an area of 80 cm2 (except one data sequence obtained with a filter of 
area 23 cm2).  Various transducers attached to the apparatus allowed pressures and other 
measured parameters to be recorded and/or controlled by the interfaced computer and dedicated 
software. 
 
The pressures required to progress filtrations were provided by compressed air and an electronic 
pressure regulator over the range 10 to 600 kPa.  The regulator was adjusted by signals from the 
computer and the filtrate flow rate was semi-continuously transmitted to the computer via 
successive timed readings of mass from an electronic balance; the balance being capable of 
delivering up to 10 readings s-1 whilst transient changes were occurring through the addition of 
filtrate.  Constant pressure filtrations could be performed by providing an essentially constant 
signal to the regulator.  By monitoring the flow rate, use of a negative feedback control algorithm of 
the general form: 
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allowed variable pressure filtrations to be performed without changing suspension properties 
through inappropriate pumping operations.  In eqn. (1), p is the required filtration pressure, ps a 
constant, K the system gain, ε the flow error (set point - measured value), t is time, τi the integral 
time and τd the derivative time.  The rate and magnitude of the pressure adjustments were 
dependent on the nature of the feed, the compressibility of the filter cake and the desired process 
conditions.  For the illustrative purposes of this paper, only data obtained with a proportional 
controller are presented such that p = ps + Kε.  In order to monitor the changing properties in a filter 
cake during a test, series of small electrodes were fitted internally within a filter cell.  The 
electrodes protruded a short distance into the cell and could be arranged either in single vertical 
planes or, for maximum information, in sequences of horizontal rings.  Signals to electrode pairs 
were switched by the computer via electronic circuitry to facilitate electrical resistance 
measurements of transient cake thickness and solids concentration. 
 
The use of computer control allowed filtration data to be acquired in a repeatable and reliable 
manner with a minimum of operator interference for either constant or variable pressure conditions.  
The on-line measurement of experimental parameters also allowed a real time display of results on 
the computer screen as an experiment proceeded.  A Ziegler-Nichols analysis and some 
preliminary experimental investigations showed that a proportional algorithm with a system gain in 
the region 1-1.5x105 was suited to the provision of a constant flow when distilled water alone was 
used [18].  Initial experiments also showed that the open-loop flow response behaviour of the 
apparatus was similar to a first order system with a time delay.  When (closed-loop) negative 
feedback control was used to provide constant flow filtration the apparatus typically behaved with 
an underdamped second order response such that an overshoot was followed by an oscillatory 
decay to a constant flow. 
 
The filtration materials chosen for the investigation spanned a range of cake compressibilities that 
could be altered (significantly in some cases) by changing the ionic composition of the solution 
environment. In the general sense, calcite behaved as a material forming low compressibility cakes 
whereas talc and zinc sulphide would typically form moderately compressible cakes (see Table 1).  
Prior to an experiment a feed suspension made up from a powder and distilled water was mixed for 
a suitable period of time to ensure homogeneity and placed within the stirred feed vessel to 
equilibrate after the pH had been altered to the desired level.  During a (constant flow) test a 
pressure was set and this was maintained for a given sampling time.  The average filtrate flow rate 
was determined for the sampling period and the filtration pressure required to correct any flow 
error was calculated via a control algorithm.  The required signal was subsequently sent from the 
computer to the pressure regulator to maintain the calculated pressure throughout the next 
sampling period whence the procedure was repeated.  In this manner ‘constant flow’ filtrations 
proceeded until an experiment reached the maximum allowed time or the maximum system 
pressure of 600 kPa; with the latter constant pressure filtration commenced and continued until the 
end of an experiment. 
 
 
EXPERIMENTAL RESULTS 
 
The experimental data in Figures 2-7 illustrate some typical results from the apparatus described.  
Other examples of similar data have also been obtained and some aspects of accuracy and 
repeatability for parts of the apparatus have previously been described [11, 18].  In brief, 
experimental data could be repeated with some confidence provided normal care was taken in 
preparing the feed suspensions.  Variations in flow or pressure response were minimal and 
typically significantly less than 5% of a nominal value for supposedly identical tests. 
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Figure 2 shows constant pressure filtration data for two different suspension types.  The data 
emphasise the correct sequential nature of experiments when a mechatronics approach is taken 
and also highlight the increased difficulty of filtering suspensions forming compressible (talc) rather 
than nearly incompressible (calcite) cakes.  The data in Figure 3 illustrate that by the computer 
switching of diametrically opposed electrode pairs within a filter cell, transient solids concentration 
profiles could be measured throughout a range of cake formations.  Low compressibility cakes 
form with a near uniform solids concentration throughout the cake thickness giving a relatively 
sharp transition from suspension to cake.  Conversely, cakes which exhibit increased 
compressibility show a greater range of solids concentrations, and hence specific resistances, 
throughout the cake thickness and a more obscure transition from suspension to cake.  This 
difficulty makes the determination of  transient cake thickness more problematical, although a 
reasonable value for the transition concentration can be assumed.  In some cases, such as with 
zinc sulphide, relatively slow filtration rates led to longer filtration times.  When conditions allowed 
this provided for some degree of settling within the filter chamber and in the filtering suspension 
above the cake where particles could potentially rest on the protruding electrodes a transient 
variability in solids concentration measurements was sometimes observed.  Within the cake (which 
is of greater interest), however, solids concentration readings showed less variability and electrode 
readings were typically within a few percent of a value determined from a physical sample of cake. 
 
When proportional control was used to provide a constant flow/variable pressure filtration a flow 
response of the form shown in Figure 4 was typically observed and characterised as shown.  The 
data in Figure 5 illustrate some experimental flow and pressure responses for a constant flow 
calcite filtration which are typical of underdamped proportional control whereby the overshoot flow 
response observed toward the start of filtration was followed by the expected decaying oscillatory 
response.  For the example shown the flow settled after ~80 s (or four sampling intervals) to within 
±5% of an essentially equilibrium flow which was ~19% below the desired flow †.  During the 
constant rate period the filtration pressure increased in a near linear manner in accordance with 
classical filtration theory for a low compressibility material.  In contrast, Figure 6 illustrates typical 
data for the constant flow filtration of a talc suspension.  Although the pressure and flow responses 
are similar in general form to those obtained for calcite filtrations, the greater compressibility of a 
talc cake meant that the control of pressure was generally more difficult and filtrate flows were 
considerably lower than those for otherwise identical filtrations with calcite.  In some cases, such 
as the data shown in Figure 6 and particularly for higher set point flows, control difficulties lead to a 
relatively slow but progressive increase in flow offset with time which indicates that a proportional 
controller may not be suitable for more compressible constant flow filtrations.  For a typical talc 
filtration the pressure response exhibited significant curvature as time proceeded which is in 
accordance with classical filtration theory. 
 
Investigations of different proportional controller settings showed a range of system responses and 
a summary of the trends observed for a combination of conditions is shown in Table 2. Here, the 
affects of altering one operational process parameter from a ‘standard’ value was evaluated whilst 
maintaining the other experimental conditions constant.  It is evident from Table 2 and other similar 
data for different combinations of ‘standard’ conditions that proportional control is capable of 
providing reasonable control in variable pressure filtrations provided the cake compressibility or 
desired flow rate is not too high.  In many constant flow filtration experiments control within ±5% of 
an equilibrium flow was achieved after less than five sampling intervals.  The general effects of 
                                                
† In the context of this paper, response time is defined as the time required for the initial flow 
oscillations to settle within ±5% of the constant flow achieved, rather than the time required to 
achieve a flow within ±5% of the set point.  Although ultimately undesirable, a (reasonable) flow 
offset is not considered to be a critical problem at the current stage of development.  A rapid 
response to the equilibrium flow is more important as deviations in flow and/or pressure may have 
undesirable consequences for cake formation and the arrangement of initial and subsequent layers 
of its constituent particles. 
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increasing proportional gain were (as expected) to reduce the flow offset at the expense of an 
increased overshoot, whilst at higher set point flows the apparatus response became progressively 
less oscillatory.  With appropriate controller settings a flow response close to a quarter decay ratio 
could be observed; such a response is often regarded as an ‘optimum’ control [19].  Although a 
more sophisticated control regime is likely to be ultimately required, the best response from the 
apparatus with a proportional controller was obtained for calcite with a sampling time = 5 or 10 s, 
proportional gain = 1x105, initial pressure = 100 kPa and a set point flow = 4x10-6 m3 s-1.  
Corresponding values for talc filtrations were respectively 10 s, 3x105, 100 kPa and 1.5x10-6 m3 s-1. 
 
 
DISCUSSION 
 
It is evident from the example data shown in Figures 2-6 and Table 2 that the coupling of a filtration 
apparatus with mechatronics technology provides a facility for investigating a range of cake 
filtration processes.  The ability to perform constant pressure, constant flow and (potentially) 
variable pressure/flow tests at the laboratory (and pilot) scale with a single and versatile 
experimental apparatus opens many new avenues of research.  Suspensions are introduced to a 
filter in a consistent manner and, through appropriate control of the delivery pressure and flow 
monitoring, filtrations can be performed to mimic industrial pumping operations with both positive 
displacement and centrifugal pumps.  A minimum of shear and turbulence induced changes to 
suspension characteristics occur and comparisons of filtration performance over different pressure 
and flow regimes can be made with more confidence, to the undoubted benefit of scale-up, filter 
sizing and design procedures.  
 
Despite fundamental shortcomings, classical filtration theory and its associated design equations 
are still widely used within commercial organisations to analyse filtration data and size filters; the 
latter being achieved through a combination of the data and results obtained from laboratory and 
maybe pilot scale tests, empiricism and heuristics.  Design equations based on classical filtration 
theory are used for illustrative purposes in Figures 7-9 to further highlight the benefits of the 
mechatronic approach.  Although well known, for completeness the principal design equation for 
constant pressure filtration may be stated as: 
 
( )( )( ) 22 Δ2 Δ 1 1av s ms av s
α μρM μRt V V
A pA p M e ρ ρ
= +− +     (2) 
 
where t is the cake formation (filtration) time, V the cumulative volume of filtrate, ρ the filtrate 
density, ρs the solids density, Ms the solids mass fraction in the feed, A the filter area, μ the filtrate 
dynamic viscosity, Δp the filtration pressure and Rm the filter medium resistance.  For constant 
flow/variable pressure filtration, the most commonly applied equation for design is: 
 
( )( )( )2
2
1 1
Δ
s av s
m
av s
A M e ρ ρ Qt p μR
Aα μρM Q
− + ⎛ ⎞= −⎜ ⎟⎝ ⎠      (3) 
 
where Q is the (constant) filtrate flow rate.  The concepts of specific cake resistance (α) and cake 
voids ratio (e) provide a practical indication of cake form and structure and through equations (2)  
and (3) relate the ease of separation to process variables.  When a degree of compressibility exists 
in a growing cake the use of α and e becomes more abstract as values vary locally throughout the 
cake height to an extent dependent on the degree of compressibility.  In such cases (i.e. the 
majority of practical filtrations) our present level of filtration knowledge necessitates the definition of 
average values such that: 
 
( )0 1 Δ nav cα α n p= −         (4) 
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where Δpc is the pressure gradient across the cake (which for design purposes can be 
approximated to Δp) and α0, n, e0 and b1 are empirical or scale-up constants usually derived from 
sequences of constant pressure experiments.  The need to know relationships for scale-up 
constants generally becomes more important as the cake compressibility increases [10].  In Figure 
7 the scale-up constants given in Table 2 have been used in combination with equations (2), (4) 
and (5) to provide predictions of V vs. t.  The predictions of performance are good in comparison 
with the experimental data for each of the three different suspensions (which have significantly 
different properties) and certainly adequate for filter design purposes.  The significance of the 
mechatronics approach becomes more apparent, however, when it is realised that the majority of 
the scale-up constants used in the calculations were obtained using a different and separate 
mechatronic based filtration apparatus.  The ability to predict the performance of a filter using 
scale-up data from another provides further evidence of the benefits of applying mechatronic 
principles to filtration and indicates a basis from which to develop standard test procedures, test 
equipment and filter design procedures.  It is noted in passing that some data showing predictions 
of cake growth rate have previously been reported by the author [11]. 
 
When equation (3) is used to analyse constant flow filtration data, values for αav and eav can be  
calculated.  As the filtration pressure changes throughout a test, these average values are 
supposedly representative of all values between the minimum and maximum pressures observed.  
Equation (3) can also be used in a predictive sense by combining with equations (4) and (5), 
whence it is implicitly assumed that the scale-up constants derived from series of constant 
pressure data (e.g. those values shown in Table 2) can be used to predict filtration performance 
over a different pressure/flow regime.  Indeed, such a procedure is recommended practice in 
scale-up calculations when it is combined with a ‘factor of safety’ [20].  Figures 8 and 9 illustrate 
the predictive use of equations (3)-(5) and Figure 9 in particular shows why a factor of safety is 
required.  The data in Figure 8 for the low compressibility calcite system filtered at different 
constant flows indicate that reasonable predictions of performance can be made.  In Figure 9 with 
the higher compressibility talc system significant differences between theoretical predictions and 
experimental data are typically seen.  Several researchers [15-17], including the author [18], have 
questioned the philosophy of combining filtration data obtained over different pressure/flow 
regimes as there are inherent differences between cakes formed under conditions of constant and 
variable pressure.  When compressibility is present in a forming cake, the rate of change in the 
pressure gradient across the cake affects the manner in which the particles in the cake are 
arranged, and this in turn influences both cake resistance and cake porosity.  Much of the recent, 
and indeed past, filtration modelling work has found difficulty in quantifying these differences and 
several models assume that layers of forming cake instantaneously achieve an equilibrium solids 
concentration rather than undergo some form of dynamic secondary consolidation and/or require 
the a priori measurement of experimental data in order to predict performance of the same test [21-
23].  This is an undesirable situation and one which can hopefully be remedied, at least in part, by 
providing reliable experimental data against which to compare and develop future theoretical 
models of filtration. 
 
 
CONCLUSIONS 
 
The philosophy and example data presented in this paper have shown the potential benefits of 
using mechatronics technology in filtration experiments, and at the current stage of development it 
is perhaps the philosophy of the approach which is more important than the data or theories 
presented.  The work undertaken to date has allowed the production of a single, fully automated, 
computer controlled, apparatus which facilitates repeatable experiments over a range of 
pressure/flow regimes that mimic the operation of industrial filtrations using positive displacement 
and (potentially) centrifugal pumps.  In the wider context separations can be performed at 
laboratory or semi-technical scales through any chosen pressure/flow regime without changing the 
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properties of the feed in an inappropriate, and un-quantifiable, manner.  Whilst more data are 
required for significant theoretical advances to be made, the work described here can provide the 
platform on which to base standard filtration equipment and analysis procedures and may 
eventually lead to (for instance) the development of intelligent filters where process conditions can 
be adapted in real time to provide for optimum filtration.  
 
The state-of-the-art apparatus described in this paper perhaps represents the limits of what can be 
achieved with today’s readily available technology. Such an apparatus, however, is yet to be used 
widely for the acquisition of filtration data and there is likely to be reliance on more basic 
equipment for some years to come.  The greater cost and potential accuracy of complex and 
sophisticated filtration equipment must of course be justified in relation to the more conventional 
techniques.  However, the ability to perform otherwise very difficult, but more revealing, 
experiments may ultimately lead to the preferential adoption of such techniques. 
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NOMENCLATURE 
 
A  filter area (m2) 
b1  empirical constant 
B  equilibrium or set point flow rate 
C  magnitude of a flow oscillation 
e  cake voids ratio 
eo  cake voids ratio at unit applied pressure 
K  system gain 
Ms  solids mass fraction in the feed (kg kg-1) 
n  compressibility index 
p  pressure (Pa) 
ps  constant (Pa) 
Δp  filtration pressure (Pa)  
Δpc  filtration gradient across the cake (Pa) 
Q  filtrate flow rate (m3 s-1) 
Rm  filter medium resistance (m-1) 
t  time (s) 
V  cumulative volume of filtrate (m3) 
 
α  specific cake resistance (m kg-1) 
α0  specific cake resistance at unit applied pressure (m kg-1 Pa-n) 
ε  flow error (m3 s-1)  
μ  filtrate dynamic viscosity (Pa s)  
ρ  filtrate density (kg m-3) 
ρs  solids density (kg m-3) 
τd  derivative time (s) 
τi  integral time (s) 
 
Subscripts and superscripts 
av  average value 
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FIGURES AND TABLES 
 
 
 
 
 
Figure 1: Schematic representation of the mechatronic based filtration apparatus. 
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Figure 2: Filtration data sequences for the constant pressure filtration of 10% v/v calcite and talc 
suspensions. 
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Figure 3: Example transient solids concentration profiles obtained during the constant pressure 
filtration of suspensions forming cakes with a range of compressibilities. 
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Figure 4: The typical form of the filtration system response with a negative feedback proportional 
controller showing the characterising parameters. 
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Figure 5: Typical pressure and filtrate flow rate histories for the proportionally controlled, constant 
flow filtration of a calcite suspension.  Experimental conditions: set point = 6x10-6 m3 s-1, 
proportional gain = 2x105, initial pressure = 20 kPa and sampling time = 20 s. 
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Figure 6: Typical pressure and filtrate flow rate histories for the proportionally controlled, constant 
flow filtration of a talc suspension.  Experimental conditions: set point = 1.5x10-6 m3 s-1, 
proportional gain = 2x105, initial pressure = 20 kPa and sampling time = 10 s. 
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Figure 7: Predictions of constant pressure filtration performance for suspensions forming cakes 
with a range of properties.  
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Figure 8: Comparisons between experimental data obtained from the constant flow filtration of 
calcite suspensions and theoretical predictions made using a combination of constant pressure 
experimental data and design equations based on classical filtration theory. 
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Figure 9: Comparisons between experimental data obtained from the constant flow filtration of talc 
suspensions and theoretical predictions made using a combination of constant pressure 
experimental data and design equations based on classical filtration theory. 
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Measured parameter Calcite Talc Zinc 
sulphide * 
Membrane 
50% particle size (μm) 11.3 8.5 15.6 ** - 
50% pore size (μm) - - - 0.25 
Size variance (μm2) 215 not available 5780 ** not 
available 
Particle shape Rhomboidal Platelet Oblate ellipsoid - 
Iso-electric pH 9 2 † 2 †† - 
Max. ζ-potential (mV) -20 (pH = 9) ‡ -55 (pH = 11) ‡ -50 (pH = 12) ‡ - 
Permeability (m2) - - - 7.0 x 10-15 
Thickness (μm) - - - 185 
Example scale-up 
constants ‡‡ 
( )0 1 Δ nav cα α n p= −  
( )0 1.log Δav ce e b p= −  
α0 = 1.17x109  
n = 0.198 
e0 = 3.415 
b1 = 0.322 
α0 = 1.82x108 
n = 0.587 †† 
e0 = 3.701 
b1 = 0.354 
α0 = 6.14x109 
n = 0.417 †† 
e0 = 1.790 
b1 = 0.07 
- 
Analar grade HCl †, CH3COOH ††  or NaOH ‡ used to alter pH. 
‡‡ Obtained from series of constant pressure experiments (pressure in Pa). Values shown are 
examples, magnitudes were pH and solution environment dependent. 
* Dispex (an Allied Colloids surfactant) was added to these suspensions. 
** measured 50 % size was highly pH dependent and varied between 3.5 and 18 μm over the pH 
range 2-12. 
 
Table 1: Characterisation data for the feed suspensions and Versapor membrane. 
 Cite paper as: Tarleton E.S., 1999, Using mechatronics technology to assess pressure filtration, Powder Technology, 104, 121-129.  
DOI: 10.1016/S0032-5910(99)00055-8 
16
 
Controller settings Control 
response 
parameter 
Sampling time Proportional 
gain 
Initial pressure        Set point flow       
 
Calcite 
 
(Range 
investigated) 
5-40 s 0.5-6x105 0-200 kPa 2-6x10-6 m3 s-1 
Overshoot decreases 4.2 → 
0.9 up to 20 s then 
constant 
linear increase 
0.6 → 3.2 
minimum of 0.9 @ 
~35 kPa  
maximum of 0.8 
@ 4x10-6 m3 s-1 
Offset linear increase 1.8 
→ 9.6 % 
decrease 16.8 
→ 0.9 % 
negligible effect linear increase 
2.1 → 18.6 % 
Rise time linear increase 8 → 
55 s 
linear decrease 
30 → 22 s 
decrease 25 → 5 s little effect, 
typically 30 s 
Response 
time 
near linear 
increase 150 → 
300 s 
increase 80 → 
240 s 
decrease 190 → 
120 s 
decrease 250 → 
80 s 
 
Talc 
 
(Range 
investigated) 
5 - 40 s 0.5 - 4x105 20 - 300 kPa 0.5-2x10-6 m3 s-1 
Overshoot decrease 3 → 0.6 near linear 
increase 0.2 → 
2.6 
increase 0.8 → 4.2 decrease 7 → 1 
Offset increase 5 → 20 % near linear 
decrease 20 → 
4 % † 
negligible effect linear increase 1 
→ 10 % 
Rise time increase 6 → 100 s linear decrease 
20 → 12 s 
decrease 15 → 2 s near linear 
decrease 15 → 
10 % 
Response 
time 
linear increase 100 
→ 160 s 
linear increase 
40 → 120 s 
linear decrease 
110 → 60 s 
decrease 270 → 
70 s 
† Some individual experiments showed a slow but progressive increase in flow offset with time (see 
also Figure 6). 
 
Table 2: Summary of the affects of changing proportional controller settings on system response 
for calcite and talc constant flow filtrations.  Standard experimental conditions for calcite: sampling 
time = 20 s, proportional gain = 2x105, initial filtration pressure = 20 kPa and set point flow = 3x10-6 
m3 s-1.  For talc, corresponding values are 10 s, 2x105, 20 kPa and 1.5x10-6 m3 s-1. 
